Recent evidence suggests that the reaction between nitrite and deoxygenated hemoglobin provides a mechanism by which nitric oxide is synthesized in vivo. This reaction has been previously defined to follow second order kinetics, although variable product stoichiometry has been reported. In this study we have re-examined this reaction and found that under fully deoxygenated conditions the product stoichiometry is 1:1 (methemoglobin:nitrosylhemoglobin), and unexpectedly, the kinetics deviate substantially from a simple second order reaction and exhibit a sigmoidal profile. The kinetics of this reaction are consistent with an increase in reaction rate elicited by heme oxidation and iron-nitrosylation. In addition, conditions that favor the "R" conformation show an increased rate over conditions that favor the "T" conformation. The reactivity of nitrite with heme is clearly more complex than has been previously realized and is dependent upon the conformational state of the hemoglobin tetramer, suggesting that the nitrite reductase activity of hemoglobin is under allosteric control.
The reaction between nitrite and deoxyhemoglobin (deoxyHb 1 NO] 2ϩ ) (1) through the intermediacy of nitric oxide (NO) (2) . This reaction has recently been invoked to explain nitrite-mediated effects on blood flow at rest and during exercise. At supra-and near-physiologic concentrations, nitrite produces increased blood flow in a dose-dependent fashion, regardless of NO synthase inhibition or metabolic demand (3) . Furthermore, HbNO production, formed from nitrite infusion, was shown to be inversely proportional to hemoglobin oxygen saturation (3) . An important characteristic of nitrite is that HbNO formation only occurs with deoxyHb and not oxygenated hemoglobin (oxyHb or Hb[Fe II O 2 ] 2ϩ ), suggesting an oxygen-dependence to the NOforming reaction. The reaction of nitrite with oxyHb occurs via a complex autocatalytic mechanism that has not yet been fully elucidated (4) . The potential nitrite-reductase activity of deoxyHb has previously been invoked as a potential source of bioactive NO (5) . The reaction between nitrite and deoxyHb was extensively examined by Doyle et al. (2) . These investigators concluded that the reaction was second order and that the major products of the reaction were metHb and HbNO. Their observations were largely consistent with the reactions shown in Equations 1-4. As reaction 3 is extremely fast (k 3 ϳ 4 ϫ 10 7 ), the kinetics of the reaction are dictated by the second order reaction shown in Equation 2, which was calculated to have a rate constant of 1.23 ϫ 10 4 M Ϫ1 s Ϫ1 (2) . Reaction 4 represents a residual rate observed under basic conditions with a rate constant of 0.1 M Ϫ1 s Ϫ1 . As the pK a of nitrite is 3.15, this gives an effective rate constant at pH 7.4 of ϳ0.8 M Ϫ1 s Ϫ1 . However, inconsistent with this mechanism, Doyle et al. (2) observed a final reaction stoichiometry of 70% metHb and 30% HbNO, not the expected 1:1 ratio predicted by Equations 1-4 and previously observed by Brooks (1 In this study we have re-examined this reaction under conditions of molar excess Hb to nitrite and vice versa. In contrast to the earlier study (2), we concluded that although the initial rate of the reaction has a first order dependence on both nitrite and hemoglobin concentrations, the kinetics profile does not fit a second order/reaction but exhibits autocatalytic kinetics. In addition we found that under strictly anaerobic conditions the stoichiometry of the reaction is 1: , recently suggested to play a major role in this reaction (6), was not observed. We calculated a second order rate constant at pH 7.4 of 0.2-0.3 M Ϫ1 s Ϫ1 based on initial rates and have shown that this rate is increased in the presence of low concentrations of oxygen. We have also shown that the presence of metHb is able to accelerate the reaction and that the rate is increased by R state stabilizing agents and slowed by T state stabilizing agents, in a similar manner to the reduction of GSNO by deoxyhemoglobin (7) .
These data demonstrate that the nitrite reductase activity of hemoglobin is linked to the conformation state of the hemoglobin tetramer and is expected to occur at the greatest rate when partially oxygenated. This observation has implications for physiological autoregulation that occurs across a range of hemoglobin oxygen saturations (8) .
EXPERIMENTAL PROCEDURES
Materials-Hemoglobin was prepared from human blood by previously published methods (9, 10) . Apohemoglobin (apoHb) was prepared as previously described (9). 1-[2-(Carboxylato) pyrrolidin-1-yl] diazen-1-ium-1,2-diolate (PROLI/NO) was obtained from Alexis Biochemicals. All other reagents were purchased from Sigma.
Spectrophotometric Determinations-Hemoglobin solutions in phosphate buffer (50 mM, pH 7.4, containing 100 M DTPA) were extensively degassed by vacuum/argon cycling in an air-tight sealed cuvette. An anaerobic solution of sodium nitrite was added, and the absorbance spectrum was obtained as a function of time. For most experiments a 1-cm path length cuvette was used; however, for experiments using 1 mM hemoglobin, a 1-mm path length cuvette was employed. Spectral data were deconvolved by multiple linear regression analysis using previously obtained spectra of the individual components.
Electron Paramagnetic Resonance (EPR) Measurements-HbNO was measured by EPR using a Bruker EMX 10/12 spectrometer operating at 9.4 GHz, 5 G modulation, 10.1 milliwatt power, 81.9 ms time constant, and 83.9 s scan over 80 gauss. MetHb was measured similarly at low field using 15 G modulation.
Kinetic Modeling-Kinetic schemes were modeled using Gepasi, available at www.gepasi.org (11) , and data fitting was accomplished using the multistart Levenberg Marquardt algorithm.
RESULTS
The Reaction of Nitrite with DeoxyHb under Fully Deoxygenated Conditions-Upon incubation of deoxyHb with excess nitrite in a 1-cm path length cuvette, the spectral changes shown in Fig. 1A were observed. These changes are essentially identical to those observed by Doyle et al. (2) and were attributed to the concomitant formation of HbNO and metHb. The spectra were analyzed by multiple linear regression using the basis spectra of deoxyHb, oxyHb, metHb, HbNO, metHbNO, and the metHb-nitrite adduct (Fig. 1B) . OxyHb was included to test for the presence of oxygen contamination, which was less than 3% in all experiments. Regression analysis revealed the time course of each component (Fig. 1C) and gave a very good fit to the data at all time points (see residuals in Fig. 1D ). Fig. 1C shows the time courses of the six hemoglobin species during the progression of the reaction and shows two major deviations from the data of Doyle et al. (2) . First, the yield of HbNO and metHb are approximately equal, suggesting that the stoichiometry of product formation is 1:1 as originally determined by Brooks (1) and not 7:3 as determined by Doyle et al. (2) . Over a range of nitrite concentrations from 0.25 to 1.75 mM the average product ratio of HbNO:metHb was 1.00 Ϯ 0.05 (mean Ϯ S.E., n ϭ 9). Second, the time course of the decay of deoxyHb is not second order but is approximately linear (with some sigmoidicity) over at least the first half of the reaction, suggesting a more zero order dependence in deoxyHb. Importantly, the formation of metHbNO was not observed at any time during the course of the reaction. Removal of the spectrum of metHb-NO O 2 . from the fit did not significantly alter the calculated concentrations of HbNO or total metHb (data not shown). All subsequent data were fitted using only the spectra of deoxyHb, oxyHb, metHb, HbNO.
To confirm the reaction stoichiometry observed using regression analysis, the concentrations of metHb and HbNO were determined directly by EPR. Incubation of nitrite with deoxyHb FIG. 1. The reaction between excess nitrite and deoxyhemoglobin. Deoxyhemoglobin (0.1 mM) was incubated with nitrite (0.5 mM) in a 1-cm path length cuvette under anaerobic conditions, and 80 spectra were taken at 2-min intervals. All spectra were subject to multiple linear regression analysis assuming contributions from deoxyHb, oxyHb, HbNO and metHb, metHb-nitrite, and metHbNO. A, spectra from 0, 2, 4, 8, 16, 32, 64, 96, 128, and 160 min. B, basis spectra of deoxyHb, oxyHb, HbNO metHb, metHb-nitrite, and metHbNO used in the regression analysis. C, time course of the formation/decay of deoxyHb, oxyHb, HbNO metHb, metHb-nitrite, and metHbNO. D, residuals between multiple linear regression analysis and spectra from panel C.
resulted in the development of EPR spectra characteristic of the formation of both HbNO (in the g ϭ 2 region, Fig. 2A ) and metHb (in the g ϭ 6 region, Fig. 2B ). The average ratio of HbNO:metHb was 0.87 Ϯ 0.24 (mean Ϯ S.E., n ϭ 8). As deoxyHb is EPR-silent, the formation of metHb and HbNO can be monitored by EPR against a high background concentration of deoxyHb (a condition where spectrophotometric observations are difficult). When hemoglobin was present in 10-fold excess of nitrite, although the ratio of metHb to HbNO remained 1:1 the kinetics of the reaction appeared first order with respect to nitrite (Fig. 2C) .
The Reaction of Nitrite with DeoxyHb in the Presence of Oxygen Contamination-As mentioned above, all experiments were performed with less than 3% contamination of oxyHb. Interestingly, in samples that contained a significant concentration of oxyHb (e.g. Fig. 3 ), the stoichiometry of product formation deviated from 1:1 (HbNO:metHb), and the time course exhibited a "more second order" appearance. This suggests that the discrepancy between our observations and those of Doyle et al. (2) may at least in part be attributable to the presence of oxygen that is either present initially or that diffuses into the cuvette during the slow time course of the reaction. It was also noticed that the presence of oxygen significantly increased the rate of deoxyHb decay, a critical observation that is discussed later in this report.
Kinetic Analysis Based on Initial Rates-As the time course of deoxyHb decay in the presence of nitrite is complex, it was analyzed in terms of initial rate. A series of spectrophotometric experiments were performed to study the dependence of the initial rate on the concentration of reactants. The initial rate of deoxyHb consumption, derived from multiple linear regression fits, at constant (100 M) hemoglobin concentration is plotted as a function of nitrite concentration in Fig. 4A . As can be seen, the initial rate exhibits a linear dependence in nitrite concentration under these conditions. Assuming that the initial rate depends on a bimolecular reaction between nitrite and Hb (as shown in Equation 5),
the value of k 5 was determined to be 0.19 Ϯ 0.01 M Ϫ1 s Ϫ1 . When nitrite was kept constant at 500 M and hemoglobin was varied, a plot of initial rate versus the concentration of Hb gave a rate constant of 0.23 Ϯ 0.03 M Ϫ1 s Ϫ1 (Fig. 4B) . The initial rate of Hb consumption at high (1 mM) initial concentration of deoxyHb (data not shown) gave a value for k 5 
The close proximity of these three rate constants obtained under different conditions suggests strongly that the initial reaction rate is governed by a process that shows a linear, first order dependence in both hemoglobin and nitrite. However, the reaction deviates from this simple situation as time progresses.
The Reaction of Nitrite with ApoHb-If the kinetics of the reaction were truly zero order, it would imply that the reaction rate is controlled by a species whose concentration does not change (i.e. a catalyst). In this reaction mixture, the only species that remains unchanged is the globin component of the protein. We therefore investigated whether the initial reaction involved a catalytic reaction between nitrite and apoHb. However, the presence of apoHb had no effect on the rate of deoxyHb decay (data not shown), suggesting that heme-nitrite interactions were essential for the observed reaction.
Modulation of the Reaction Rate by Protein Conformation and Heme Oxidation State- Fig. 5 demonstrates that the rate of reaction of nitrite with deoxyHb is critically dependent on the 3 . The reaction between nitrite and deoxyhemoglobin: the effect of oxygen contamination. Partially deoxygenated hemoglobin (1 mM) was incubated with nitrite (1 mM) in a 1-mm path length cuvette under anaerobic conditions, and 100 spectra were taken at 30-s intervals. All spectra were subject to multiple linear regression analysis assuming contributions from deoxyHb, oxyHb, HbNO, and metHb, and the time courses of the formation/decay of deoxyHb, oxyHb, HbNO,and metHb were calculated.
conformational state of the protein. If the protein is modified with N-ethyl maleimide (NEM) to stabilize the R conformation, the reaction proceeds at a significantly faster rate than if the reaction is performed in the presence of inositol hexaphosphate, a stabilizer of the T conformation. Calculated rate constants from initial rate data are 0.40 Ϯ 0.02 M Ϫ1 s Ϫ1 in the presence of NEM and 0.087 Ϯ 0.005 M Ϫ1 s Ϫ1 in the presence of inositol hexaphosphate. This indicates that the reactivity of the heme toward nitrite can be modulated allosterically. This observation suggests a mechanism to explain the unusual kinetic profile of this reaction. If the modification of one subunit of tetrameric hemoglobin, either to the oxidized or nitrosylated form, alters the reactivity of the remaining subunits the reaction with nitrite will accelerates as a function of time. To test this we prepared a solution of hemoglobin that was partially oxidized by the addition of a substoichiometric amount of the NO donor PROLI/NO to oxygenated Hb. The use of a pure NO solution was avoided, as this will react before mixing is complete (12) and will likely give a higher concentration of fully oxidized tetramer than is predicated by statistics. For comparison, a hemoglobin solution was prepared in which deoxyHb was mixed with tetrameric metHb. As shown in Fig. 6 , the presence of randomly distributed metHb results in a faster reaction rate that the addition of an equivalent concentration of metHb tetramers. This suggests that the presence of one or more metHb subunits in a hemoglobin tetramer increases the rate of reaction between nitrite and the ferrous hemes of the same tetramer. It should be noted that in this experiment the metHb tetramer is added after deoxygenation to avoid the rapid dimer exchange that may occur upon the addition of metHb to oxyHb (13) .
Kinetic Models for the Reaction between Nitrite and DeoxyHb-
The sigmoidal kinetics of the reaction between nitrite and deoxyHb indicate that the mechanism of reaction involves an element of autocatalysis. Two possible mechanisms that capture the seminal observations made in this study are discussed below in the context of the classically described conformational R and T states of the hemoglobin tetramer. Both models incorporate a step in which the oxidation or nitrosylation of one heme of a tetramer alters the reactivity of the associated hemes. In both these models we have used the symbol "S" to represent slow reacting (analogous to the T state) hemes and "F" to represent fast reacting (R state) hemes.
(i) In the nitrate reductase model, the reaction of nitrite with a slow reacting heme (S), modeled as a second order reaction between nitrite and S, generates NO, metHb, and three fast reacting hemes (F, Equation 6 ). This is analogous to the symmetry model in which hybrids are forbidden. In addition, the binding of NO to a slow reacting heme to make HbNO, modeled as a second order reaction between NO and S, also generates 9). The scheme is autocatalytic by virtue of the fact that Equation 8 followed by Equation 7 can be viewed as a sequence of reactions that is catalyzed by F and that generates an additional 2F. This model is simplistic in that it invokes a complete conversion of slow reacting to fast reacting hemes upon oxidation or nitrosylation of a single subunit.
(ii) The nitrite anhydrase model departs from the reaction presented by Doyle et al. (2) and suggests that the initial reaction involves the conversion of nitrite to N 2 O 3 , perhaps as a result of "local acidity" in the heme pocket (14) . This model suggests that hemoglobin acts as a true catalyst to generate N 2 O 3 (Equations 10 and 11), which is known to dissociate into NO and NO 2 (Equation 12). As in the first model, the reaction of NO with a tetramer of slow hemes generates HbNO and three fast hemes (Equation 13 ), but now NO 2 is the oxidant that causes metHb formation (Equation 14). Fast hemes are allowed the same reactions as slow hemes (Equations 15-18 ). This reaction scheme is autocatalytic if the fast hemes are more efficient catalysts than slow hemes.
Both reaction schemes fit well to experimental data in regimes where [nitrite] Ͼ [hemoglobin], as shown in Fig. 7 . For Model 1 (Fig. 7A) , k 7 and k 9 were fixed at 4 ϫ 10 7 M Ϫ1 s Ϫ1 and k 6 and k 8 were allowed to vary. The average value of k 6 and k 8 were 6.45 ϫ 10 Ϫ2 Ϯ 1.24 ϫ 10 Ϫ2 M Ϫ1 s Ϫ1 and 0.640 Ϯ 0.089 M Ϫ1 s Ϫ1 , respectively, indicating a rate acceleration of an order of magnitude. This suggests that deoxygenated hemoglobin in the R state will react with nitrite ϳ 10-fold faster than in the T state. For Model 2, (Fig. 7B) , the derived rate constants are shown in Table I and indicate a tight binding of nitrite to heme in both S and F forms. In regimes where [hemoglobin] Ն [nitrite], both models again provide good fits to the data (not shown). The derived rate constants for Model 1 are similar in both regimes, whereas the derived rate constants for Model 2 are widely variable and differ between the two regimes. These data indicate that Model 1 represents a better fit to the experimental data across the explored concentration range. Although Model 2 fits well to the data, a consistent set of rate constants cannot be found to account for the effect of reactant concentration on the kinetic profile.
DISCUSSION
In this study we have reassessed the kinetics of the reaction between nitrite and deoxyHb and concluded that the product stoichiometry is 1 HbNO:1 metHb as originally determined (1) . In addition, the reaction time course does not fit to a second order reaction model as concluded by Doyle et al. (2) but exhibits a complex time course that initially has an almost zero order character when nitrite is in molar excess to deoxyHb. When hemoglobin is in large excess to nitrite, the stoichiometry remains 1:1, but the kinetics show a more conventional pseudo-first order profile. Closer scrutiny of the apparent zero order rate reveals that the rate of deoxyHb disappearance slightly increases as a function of time, giving the profile a sigmoidal shape typical of autocatalysis and suggestive of the cooperative behavior of oxygen binding. Several lines of evidence support the hypothesis that the sigmoidal shape is a result of an allosteric conformational change in the protein tetramer leading to enhanced intratetramer deoxyheme reactivity. The most direct evidence is that NEM, a stabilizer of the R state of hemoglobin, accelerates the rate of reaction, whereas inositol hexaphosphate, a stabilizer of the T state, slows the reaction. Under fully deoxygenated conditions, NEM-treated hemoglobin has a significantly faster initial rate of reaction than control hemoglobin (0.40 versus 0.23 M Ϫ1 s
Ϫ1
, respectively), a fact which correlates well with the higher oxygen affinity of thiol-modified hemoglobins (16) . In this regard, the reaction between deoxyHb and nitrite mirrors the reactivity of deoxyHb with S-nitrosoglutathione, a nitrite thioester (17) . In addition, the presence of low levels of oxygen, which will increase the population of R state hemes, also accelerates the rate of reaction. We examined whether the oxidation of hemes would FIG. 7 . Kinetic simulations of two models of nitrite-mediated hemoglobin oxidation. The "nitrite reductase" model (A) and the "nitrite anhydrase" model (B) were fitted to experimental data of deoxyHb decay in the presence of nitrite. Solid lines represent experimental data and dashed lines the associated fits. Derived kinetic parameters from such fits are shown in Table I . For these experiments the hemoglobin concentration was fixed at 100 M and the nitrite concentration was 150, 250, and 500 M and 1 mM.
have a similar effect and observed that randomly distributed, but not pure tetrameric, metHb enhanced the rate of reaction, strongly suggesting that the oxidation of a single heme of the protein tetramer enhances the reactivity of associated hemes.
We have presented two possible models for the reaction of deoxyHb with nitrite. The first is an extension of the mechanism proposed by Doyle et al. (2) but incorporating the fact that oxidation and nitrosylation of a heme can increase the rate of reaction of neighboring hemes. The second model incorporates the idea that the heme site represents a catalyst for nitrite dehydration to form dinitrogen trioxide (14) . This scheme would allow nitrosation chemistry to occur via the formation of dinitrogen trioxide. Although both of these models incorporate hemoglobin cooperativity, the former model provides a better fit to the experimental data at all tested concentration regimes, whereas with the latter model it was not possible to derive a consistent set of kinetic parameters across the initial concentration ranges. Consequently, we conclude that the nitrite reductase model more closely fits the observed data at all measured concentration regimes.
Although, in the fully deoxygenated state, dimer formation is expected to be minimal and very slow (18) , the formation of a small percentage of mixed hemoglobin hybrids with significant T state character could occur during the time course of the nitrite reaction. Dimer formation and dimer exchange, which may occur in a matter of seconds in such a situation (19) , could affect the kinetic profile. This effect may be particularly apparent in partially oxygenated solutions and when NEM modification is used to stabilize the R state.
The derived rate constants for the nitrite reductase model indicate that there is a factor of ϳ10 difference between the slow and fast reacting hemes. This observation, imposed upon classical models of hemoglobin cooperativity, suggest that the R state hemes react with nitrite 10-fold faster than T state hemes. In addition, the nitrite reductase model gives a rate constant for the reaction of nitrite with T state hemoglobin of 0.064 M Ϫ1 s Ϫ1 , remarkably close to our measured value of 0.087 M Ϫ1 s Ϫ1 for inositol hexaphosphate-treated Hb. The underlying basis of the conformation-dependent increase in rate is not clear but is likely associated with a change in heme-iron redox potential. It has been previously established that the heme iron is more easily oxidized in the R conformation compared with the T conformation (9, 20) . It is also likely that the distal histidine residue (His-64) is involved in hydrogen bonding nitrite to the heme pocket (21) and also perhaps proton donation to nitrite to facilitate reduction, a heme pocket interaction analogous to the bacterial nitrite reductases (22, 23) .
The net result of these observations will be that the nitrite/ hemoglobin reaction will occur most rapidly in partially oxygenated solutions and the R3 form of hemoglobin (R state with 3 oxygen ligands and one vacant heme) is likely a major target for nitrite. The physiological consequence of this observation is that hemoglobin only needs to be partially deoxygenated before nitritedependent NO formation can occur. This agrees well with physiological data implying that nitrite/hemoglobin-dependent vessel relaxation correlates well with the p50 of the hemoglobin and begins to occur before the hemoglobin is fully deoxygenated (3). However, the issue of how nascent NO is able to escape the scavenging power of the red cell remains to be determined and represents an active area of investigation by our laboratories.
